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Abstract 
The main goal of this work is to contribute towards the basic understanding 
required to realize the synthesis of MAX phases (space group P63/mmc) in 
thin film form at low substrate temperature. The phase stability of three 
different MAX phase systems Ti-Al-C, Cr-Al-C, and V-Al-C has been 
investigated along this line. 
The first part of this project focuses on the formation of Ti2AlC and Ti3AlC2 
MAX phases from cubic TiCx (0.4 ≤ x ≤ 1) and Al. The influence of the C 
content and the annealing temperature on the phase formation of TiCx/Al 
sputtered bilayers after annealing in vacuum is studied systematically. 
Furthermore, the potential of the bilayer annealing procedure as a low 
temperature synthesis pathway for MAX-phase thin films was explored and 
discussed. TiCx/Al bilayer thin films were synthesized using combinatorial 
magnetron sputtering. Based on energy dispersive X-ray analysis 
calibrated by elastic recoil detection analysis data, x in TiCx was varied 
from 0.4 to 1.0. The film constitution was studied by X-ray diffraction before 
and after annealing at temperatures from 500 to 1000 °C. The formation of 
TiCx and Al in the as-deposited samples over the whole C/Ti range was 
identified. Upon annealing TiCx reacts with Al to form Ti-Al based 
intermetallics. Already at 700 °C the formation of MAX phases (space 
group P63/mmc) is observed at x ≤ 0.7. Based on the comparison between 
the C content induced changes in the lattice spacing of TiCx and Ti2AlC as 
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well as Ti3AlC2, the direct formation of MAX phases by Al intercalation into 
TiCx for x ≤ 0.7 was inferred.  
In the second part it is attempted to describe the energetics and kinetics of 
the MAX phase formation which are essential for exploring alternative 
synthesis pathways including low synthesis temperature processes. 
On this basis the formation kinetics of crystallization of Cr2AlC and V2AlC 
MAX phases were investigated by differential scanning calorimetry (DSC) 
and X-ray diffraction (XRD). Amorphous Cr2AlC thin films were produced 
by magnetron sputtering. Two exothermal peaks are observed during DSC 
up to 1200 °C. XRD data suggest that the first DSC peak is associated 
with the formation of hexagonal (Cr,Al)2Cx, while according to the second 
DSC peak Cr2AlC is formed. The activation energy for the phase 
transformations are 426 and 762 kJ/mol, respectively.  
X-ray amorphous V2AlC thin films were synthesized by magnetron 
sputtering from a compound target with the composition of V2AlC. The 
crystallization kinetics were investigated by differential scanning 
calorimetry (DSC) and X-ray diffraction (XRD). During continuous heating 
up to 1200 °C, one exothermal peak is observed between 565 and 675 °C. 
XRD data suggest that the DSC peak is associated with the formation of 
V2AlC (prototypes Cr2AlC, space group P63/mmc). The activation energy of 
crystallization of V2AlC is ~ 308 kJ/mol based on the Kissinger approach. 
This value is close to the activation energy of 287 kJ/mol obtained as for 
 v 
the transformation of magnetron sputtered hexagonal (V,Al)2Cx thin films to 
V2AlC. The here reported phase formation temperature of V2AlC is about 
800 K lower than during hot pressing of elemental powders. 
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Zusammenfassung 
 
Wesentliches Ziel dieser Arbeit ist es, Beiträge zu liefern zum 
grundlegenden Verständnis der Synthese von MAX-Phasen-
Dünnschichten (Raumgruppe P63/mmc) bei niedrigen 
Substrattemperaturen. In dieser Hinsicht wurden die Phasenstabilitäten 
der drei unterschiedlichen MAX.Phasen-Systeme Ti-Al-C, Cr-Al-C und V-
Al-C, untersucht. 
 
Der erste Teil dieser Arbeit bezieht sich auf die Bildung von Ti2AlC- und 
Ti3AlC2-MAX-Phasen aus kubischem TiCx (0,4  ≤ x ≤ 1) und Al. Der 
Einfluss des C-Gehaltes und der Glühtemperatur auf die Phasenbildung 
von gesputterten TiCx/Al-Doppeldünnschichten nach der Glühbehandlung 
wurde systematisch untersucht. Des weiteren wurde das Potential der 
Doppeldünnschicht-Glühung als potentielles Verfahren zur MAX-Phasen-
Dünnschichtherstellung eruiert und diskutiert. TiCx-Doppeldünnschichten 
wurden nach dem Verfahren des kombinatorischen Magnetron-Sputterns 
synthetisiert. Basierend auf der energiedispersiven Röntgenanalyse  und 
ERDA (Elastic Recoil Detection Analysis) – Informationen wurde x in TiCx 
im Bereich von 0,4 bis 1,0 variiert. Die Konstitution der Schichten wurde 
mit Hilfe der Röntgenbeugung untersucht vor und nach dem Glühen bei 
Temperaturen von 500 bis 1000 °C. Die Bildung von TiCx und Al in den 
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unbehandelten Proben wurde über den gesamten C/Ti-Bereich 
nachgewiesen. Beim Glühen reagiert TiCx mit Al unter Bildung von Ti-Al-
basierten intermetallischen Verbindungen. Schon bei 700 °C wird die 
Bildung von MAX-Phasen (space group P63/mmc) mit x ≤ 0,7 beobachtet. 
Aus einem Vergleich der C-Gehalts-abhängigen Änderungen der 
Gitterparameter von TiCx, Ti2AlC und Ti3AlC2 konnte auf die direkte 
Bildung von MAX-Phasen aufgrund von Al-Interkalation in TiCx 
geschlossen werden. 
 
Der zweite Teil der Arbeit widmet sich der Beschreibung der Energetik und 
Kinetik der MAX-Phasenbildung, die wesentlich sind für die Erkundung 
neuer Synthesewege einschliesslich der Niedertemperatursynthese. 
Auf dieser Basis wurde die Kinetik der Kristallbildung von Cr2AlC- und 
V2AlC-Max-Phasen erforscht mit Hilfe von DSC (Differential Scanning 
Calorimetry) und XRD (X-Ray Diffraction). Mittels Magnetron Sputtern 
wurden amorphe Cr2AlC-Filme präpariert. Die DSC zeigt zwei exotherme 
Peaks bis etwa 1200 °C. XRD-Daten lassen vermuten, dass der erste 
DSC-Peak der Bildung von hexagonalem (Cr,Al)2Cx zuzuordnen ist, 
während der zweite DSC-Peak die Bildung von Cr2AlC anzeigt. Die 
Aktivierungsenergien für diese Phasenumwandlungen betragen 426 bzw. 
762 kJ/mol. 
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Röntgenamorphe V2AlC-Filme wurden durch Magnetron-Sputtern eines 
Compound-Targets der Zusammensetzung V2AlC erzeugt. Die 
Kristallisations-kinetik wurde mit Hilfe von DSC und XRD bestimmt. Beim 
kontinuierlichen Heizen bis auf 1200 °C wurde ein exothermer Peak bei 
565 – 675 °C beobachtet. XRD-Daten lassen darauf schließen, dass 
dieser DSC-Peak der Bildung von V2AlC zugeordnet werden kann 
(Prototyp Cr2AlC, space group P63/mmc). Die Aktivierungsenergie für die 
Kristallbildung von V2AlC beträgt, basiend auf der Kissinger-Näherung, ca. 
308 kJ/mol. Dieser Wert liegt nahe bei dem Wert von 287 kJ/mol für die 
Aktivierungsenergie der Umwandlung von gesputterten hexagonalen 
(V,Al)2Cx - Dünnschichten in solche aus V2AlC. Die hier genannte 
Phasenbildungstemperatur von V2AlC ist etwa 800 K niedriger als die für 
die Bildung durch Heißpressen aus elementaren Pulvern bekannte. 
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Chapter 1     Introduction 
1.1      MAX phases 
Functional properties of materials, e.g. for automotive and decorative 
applications, depend often on their surface properties. The major 
conventional routes to harness these materials against corrosive attack are 
passivation or galvanic protection (e.g. coating with metals, e.g. Zinc). 
Corrosion protection with ceramic coatings is not compatible with post 
deposition forming or joining processes, because the ceramic coating is 
expected to fail due to brittle fracture. A new class of ternary ceramic 
materials [1-4], exhibiting fully reversible plastic deformation while being 
stable at high temperatures [1-4], has recently received attention. The 
general formula is Mn+1AXn, (n = 1-3), where M is a transition metal, A is an 
element mainly from group lllA or lVA and X is either C or N. Figure 1.1 
shows the location of M, A, and X elements in the periodic table and the 
synthesized materials from the three groups of 211, 312, and 413 [2]. 
Figure 1.2 shows the ideal crystal structure of MAX phases from three 
different groups 211, 312, and 413. Some structural features of MAX 
phases are provided in table 1.1.  
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Figure 1.1. The reported MAX phases and the location of the M, A, and X 
elements in the periodic table [2]. 
 
Figure 1.2. The crystal structure of three different MAX phase systems 
211, 312, and 413. The red spheres refer to the M element, the blue to the 
A element, and the black to the X element [2]. 
 
 
Name X Y Z Wyckoff 
notation 
Ti2AlC     
Ti 1/3 2/3 0.084 4f 
Al 1/3 2/3 3/4 2d 
C 0 0 0 2a 
α-Ti3SiC2     
Ti(1) 0 0 0 2a 
Ti(2) 2/3 1/3 0.1355 4f 
Si 0 0 1/4 2b 
C 1/3 2/3 0.0722 4f 
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These so called MAX phases are thermally and electrically conductive [5, 
6], thermal shock resistant, damage tolerant [7], resistant to corrosion and 
oxidation [8, 9], and quite recently they were also found to be radiation 
tolerant [10]. The origin of these rather unique properties, i.e. a previously 
unforeseen combination of metallic and ceramic attributes, is due to their 
nanolaminated atomic arrangement. Bulk MAX phases have been 
synthesized by sintering a mixture of elements or compounds under 
isostatic pressure at elevated temperatures [11, 12], by solid-liquid reaction 
Name X Y Z Wyckoff 
notation 
Ti2AlC     
Ti 1/3 2/3 0.084 4f 
Al 1/3 2/3 3/4 2d 
C 0 0 0 2a 
α-Ti3SiC2     
Ti(1) 0 0 0 2a 
Ti(2) 2/3 1/3 0.1355 4f 
Si 0 0 1/4 2b 
C 1/3 2/3 0.0722 4f 
β-Ti3SiC2     
Ti(1) 0 0 0 2a 
Ti(2) 2/3 1/3 0.1355 4f 
Si 2/3 1/3 1/4 2d 
C 1/3 2/3 0.0722 4f 
α-Ta4AlC3     
Ta(1) 1/3 2/3 0.05453 4f 
Ta(2) 0 0 0.15808 4e 
Al 1/3 2/3 1/4 2c 
C(1) 0 0 0 2a 
C(2) 2/3 1/3 0.1032 4f 
β-Ta4AlC3     
Ta(1) 1/3 2/3 0.05524 4f 
Ta(2) 1/3 2/3 0.65808 4f 
Al 1/3 2/3 1/4 2c 
C(1) 0 0 0 2a 
C(2) 0 0 0.10324 4e 
Table 1.1. Structural parameters of some MAX phases [4] 
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synthesis [13] as well as by mechanically induced self-propagating 
reaction [14, 15]. Thin films have been grown by magnetron sputtering [4, 
16-18], pulsed cathodic arc [19], reactive chemical vapor deposition [20], 
and pulsed laser deposition [21]. The production of phase pure thin films at 
low temperatures is challenging and the identification of low temperature 
formation pathways is an active research area for both bulk [22-25] and 
thin film processing [16, 18]. Reducing the bulk synthesis temperature may 
reduce processing and energy costs [23], while a deposition temperature 
reduction may allow for the use on temperature-sensitive substrates, such 
as steel, during thin film processing [16, 18, 26].  
Zhou and Sun [27] proposed the notion that Si intercalation into TiCx 
causes the transformation from cubic TiCx to hexagonal Ti3SiC2 in 2000. In 
this paper the implications of intercalation for bulk processing of phase 
pure MAX phases were discussed. Seven years after the intercalation 
notion was launched by Zhou and Sun [27], Riley and Kisi reported a low 
temperature synthesis pathway for bulk Ti3AlC2 [22, 23] based on 
intercalation. The Ti3AlC2 MAX phase was produced at a 400 - 600 K lower 
temperature as compared with the conventional bulk synthesis 
temperature by annealing a TiC0.67-Al powder mixture [22]. It has been 
argued that the direct ingress of the A element into ordered vacancy sites 
of milled Mn+1Xn caused the formation of the Mn+1AXn phase [22]. 
Theoretical studies support the notion that Al may be incorporated in TiCx 
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(x < 1) and vacancy ordering could take place to form MAX phases at low 
synthesis temperatures [28, 29]. This scenario is quite similar to the 
suggested out-diffusion mechanism which is responsible for the 
decomposition of the MAX phase into TiCx and the A element [30]. While 
this similarity has already been discussed by Zhou and Sun in 2000 [27], 
experimental reports of intercalation of MAX phases are rare. This may at 
least in part be due the structural similarity between reactants, possible 
intermediate reaction products, and the MAX phases resulting in diffraction 
peak overlaps. In addition the magnitude of possible intermediate reaction 
products, such as intermetallics, transition metal carbides, and nitrides as 
well as A element carbides and nitrides, may complicate the analysis of the 
diffraction data furthermore. Nevertheless, considering the arguments 
discussed above the intercalation process could - if active - be a very 
promising low temperature synthesis pathway for bulk MAX phases as well 
as for thin films. 
In this work, the influence of the C content in the TiCx matrix on the phase 
formation of TiCx/Al (0.4 ≤ x ≤ 1) sputtered bilayers after annealing in 
vacuum was systematically studied. Evidence for the direct formation of 
MAX phases by Al intercalation into TiCx (x ≤ 0.7) was observed by X-ray 
diffraction (XRD).  
Although the synthesis of MAX phases is an active research area, studies 
of MAX phase formation mechanisms are comparatively rare. Identifying 
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the underlying reaction mechanisms as well as to describe the energetics 
and kinetics of the MAX phase formation are essential for exploring 
alternative synthesis pathways including low temperature processes. 
Hence, the crystallization kinetics of Cr2AlC and V2AlC from an amorphous 
MAX phase composition 2:1:1 were investigated. 
It has been argued that the low temperature deposition of crystalline 
Cr2AlC is enabled by surface diffusion processes [16]. Consistent with [16] 
the formation of crystalline Cr2AlC was observed at 370 and 500 °C by Li 
et al. [31]. Furthermore, they observed the formation of a triple-layered 
structure with an α-(Cr,Al)2O3 inner layer, an amorphous intermediate layer, 
and a crystalline Cr2AlC outer layer at 370 °C [31]. The later formation of 
the Cr2AlC layer was suggested to be caused by the raised surface 
temperature due to thermal barrier properties of the oxide inner layer as 
well as by the reduced oxygen contamination [31]. 
On the other hand the formation of bulk Cr2AlC from elemental powders by 
hot pressing was reported [32]. DSC and XRD data indicate that as Al 
starts to melt, an exothermic reaction is observed at 670 °C which is 
related to the formation of Cr9Al17 [32]. As the temperature is increased 
further, several intermetallic phases are formed until at 1050 °C the 
formation of Cr2AlC is observed by reaction of Cr, graphite, AlCr2, and 
Al8Cr5 [32]. Recently, Li et al. reported the formation of bulk Cr2AlC by 
mechanically activated hot-pressing technology at 1100 °C [23]. Hence, 
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the temperature range of 1050 - 1100 °C appears to be required for the 
synthesis of bulk Cr2AlC [32, 33]. Our ambition is to shed light on the 
mechanisms responsible for the formation of crystalline Cr2AlC by studying 
the crystallization kinetics of initially amorphous Cr2AlC. Two exothermic 
reactions are observed. First hexagonal (Cr,Al)2Cx is formed at an onset 
temperature of 560 °C, and after that at a DSC peak temperature of 610 °C 
Cr2AlC is formed at a heating rate of 10 K/min. Both transformations are 
diffusion controlled. The formation of Cr2AlC occurs at a temperature 
approximately 440 K lower than during the lowest reported hot pressing 
temperature [32, 33], rendering amorphous Cr2AlC powder as an 
interesting reactant for low temperature bulk synthesis of Cr2AlC. 
In bulk form Gupta at el. [34] synthesized V2AlC by reactive hot isostatic 
pressing at 1600 °C for 8 h. Furthermore, single crystals of V2AlC were 
formed in metallic melts at a temperature range of 1500 - 1600 °C [35]. 
VAl3, V7Al45, and VAl10 were additionally identified in the final products [35]. 
Recently, the formation of V2AlC was observed during hot pressing a 
powder of V, Al, and C at T ≥ 900 °C [36]. Phase pure V2AlC was reported 
in the temperature range of 1400 - 1600 °C. The reaction between Al8V5 
and C was identified to be responsible for the V2AlC formation [36]. 
The growth of a V2AlC thin film was reported in 2006 by Schneider et al. 
[37] utilizing sputtering from three elemental targets at 850 °C substrate 
temperature. Sigumonroung et al. [38] reported that the threshold 
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temperature for single phase V2AlC formation lies between 650 and 750 
°C. At lower growth temperatures the formation of hexagonal V2C, Al8V5, 
and Al3V was observed [38]. Scabarozi [39] reported the epitaxial 
formation of V2AlC by combinatorial sputtering on c-axis sapphire, using 
VC and TiC buffer layers and a substrate temperature between 575 and 
900 °C. 
In this work the formation kinetics of V2AlC from amorphous V2AlC and 
hexagonal (V,Al)2Cx films were investigated by DSC and XRD. During 
heating at 10 K/min, onset temperatures of 565 and 597 °C, respectively, 
were observed. Based on the Kissinger approach, the measured activation 
energies of V2AlC formation are 308 and 287 kJ/mol from amorphous 
V2AlC and hexagonal (V,Al)2Cx, respectively.   
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Chapter 2     Thin film nucleation and growth 
Three stages can be considered in thin film growth processes. Firstly the 
creation of appropriate atomic or ionic species, secondly the transportation 
of the energetic species through the plasma and finally the condensation of 
the vapor phase on a substrate. Depending on the energy the deposited 
species may migrate on the surface. Islands may form and may coalesce 
to form a thin film. This is shown systematically in Figure 2.1.1 [1].  
 
 
The initial stages of thin film formation can be described by three different 
growth modes shown in Figure 2.1.2.The so-called Volmer-Weber growth 
describes the formation of isolated islands on the substrate. This occurs 
when the bond energy of the atoms within the film is stronger than the 
bond energy between the film and the substrate. Frank-van der Merwe or 
Layer-by-Layer growth takes place for the opposite scenario. Stranski-
Krastanov or mixed growth mode constitute a combination of the above 
mentioned two growth modes [1-5]. 
 
 
 
 
Figure 2.1.1. Schematic of cluster migration and growth [1]. 
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The deposition conditions affect the microstructure and the properties of 
the produced film [1, 2]. The effect of the substrate temperature on the film 
morphology was described by Movchan and Demchishin [6]. They 
compiled a structure zone model to explain the correlation between the 
ratio of substrate temperature and the melting point of the deposited 
material T/Tm and the film morphologies (see Figure 2.1.3 (a)). According to 
this model, a columnar structure is expected for T/Tm < 0.3, which is termed zone 
1. At higher temperatures (zone 2), when 0.3 < T/Tm < 0.5, the result of more a 
dense structure is expected, because surface diffusion is activated. However, as 
bulk diffusion is activated at T/Tm > 0.5, the film contains equiaxied grains [2]. 
Thornton [8] modified this model to include the Ar gas pressure as another 
deposition parameter affecting the film morphology. The latter contains a 
transition zone T consisting of dense grains as shown in Figure 2.1.3 (b). 
Figure 2.1.2. Schematic of the three different modes of film growth:( a) 
Volmer-Weber growth, (b) Frank-van der Merwe or Layer-by-Layer 
growth and (c) Stranski-Krastanov or mixed growth [1]. 
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As the pressure is increased, the zone boundaries are shifted towards 
higher temperatures. This can be understood by scattering induced 
reduction in kinetic energy resulting in a shift in zone boundary. 
It is well known that condensation from the vapor phase is a valuable 
material synthesis route, because the structure evolution (texture, grain 
size, etc.) can be affected at the atomic level. Plasma assisted vapor 
condensation, see for example [9] and references therein, is therefore 
utilized in the present thesis to grow MAX phase thin films. 
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Chapter 3     Research methods 
3.1     Thin films production: Magnetron sputtering 
Sputtering takes place at the target material when its atoms are removed 
by an energetic ion, e.g. Ar+ or other energetic particles, due to a series of 
collisions [1]. The glow-discharge is generated between the target 
materials (cathode) and the substrate or the chamber walls (anode) by 
applying an electric field. The applied negative voltage accelerates positive 
ions to the target surface where due to collisions energy is transferred to 
the surface atoms, for example via collision cascades. 
Sputtering of a target atom is just one of the possible results of ion 
bombardment of a surface which occurs if the energy transferred to the 
surface is larger than the surface binding energy. The ejected target atoms 
move through the plasma towards the substrate where it is deposited. 
Figure 3.1.1 shows a photograph taken during the magnetron sputtering of 
a TiCx film from Ti and C targets, while the overlaid schematic presents the 
sputtering process. 
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Figure 3.1.1. Picture taken during the magnetron sputtering of a TiCx film from 
Ti and C targets. The overlaid schematic presents the sputtering process.  
Figure 3.1.2. Vacuum chamber for producing TiCx/Al bilayer thin film. A 
Composition spread layer of TiCx (0.4 ≤ x ≤ 1) was deposited on a homogenous 
Al layer.  
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In the first part of this study the formation of the long range composition 
spread of metastable TiCx was obtained by combinatorial magnetron 
sputtering [See references 2, 3, and 4 for further reading]. TiCx/Al bilayers 
were deposited in a high vacuum chamber, containing magnetron 
cathodes with tilt angles of approx. 15° with respect to the substrate's 
normal as shown in Figure 3.1.2. The substrate to target distance was 50 
mm. Single crystal sapphire wafers (99.996%, c-plane, one side polished, 
diameter of 50.8 mm) were used as substrates. The targets dimensions 
were 39 mm in diameter and 3 mm in thickness. Figure 3.1.3 illustrates the 
bilayer processing strategy. First a 600 nm thick Al layer was deposited by 
rotating the substrate, see Figure 3.1.3 (a). A steel grid with circular holes 
of 3.5 mm in diameter was placed on the as deposited Al layer for masking 
purposes as shown in Figure 3.1.3 (b). Then, a TiCx film was deposited by 
sputtering from the Ti and C targets as indicated in Figure 3.1.3 (c) without 
substrate rotation. The TiCx thickness varied depending on the C/Ti ratio 
from 1 to 1.5 µm. The geometric arrangement of the magnetrons allowed 
for the deposition of a C/Ti concentration gradient. Using the steel grid, see 
Figure 3.1.3 (b), during the TiCx deposition, well separated TiCx pads of 3.5 
mm in diameter were formed onto the Al base layer as can be seen in 
Figure 3.1.3 (c) and (d). 
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The substrates were not intentionally heated during all depositions and 
were kept at floating potential. The chamber was evacuated to a base 
pressure of ~ 10-4 Pa.  Al (99.999%), Ti (99.995%), and C (99.99 %) 
targets at power densities of 4.2, 4.2, and 6.7 W/cm2, respectively, were 
sputtered in 0.3 Pa Ar atmosphere. The thermal mean free paths (λ) of Al, 
Figure 3.1.3. Illustration of the bilayer synthesis strategy. In (a) the schematic of 
the deposition of a 600 nm thick Al layer is shown. The substrate was rotated. In 
(b) the deposition schematic of the TiCx thin film is shown: A steel grid with 
circular holes of 3.5 mm in diameter was placed on the as deposited Al layer for 
masking purposes. The TiCx film was deposited by sputtering simultaneously 
from the Ti and C targets. The geometric arrangement of the plasma sources 
enabled the deposition of a C/Ti concentration gradient. During the TiCx 
deposition, well separated TiCx pads of 3.5 mm in diameter were formed onto 
the Al base layer as can be seen in Figure 1 (c) and in the photograph of an 
actual sample (d). 
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Ti, and C at the sputtering pressure are 8.5, 5.1, and 14.4 cm, respectively, 
calculated according to 
 2,,
B 1
P
Tk
2
1
CTiAlAr rr 


         (3.1) 
with a temperature of T = 300 K, a pressure of P = 0.3 Pa, covalent radii of 
rAr = 71, rAl= 121, rTi= 176, and rC = 76 pm and Boltzmann’s constant kB. 
The sputtered particles undergo on average not more than one collision on 
the route towards the substrate as indicated by the calculated mean free 
paths. 
Amorphous Cr2AlC and V2AlC as well as hexagonal (V,Al)2Cx thin films 
were deposited by D.C. magnetron sputtering using a commercial system 
(CemeCon® CC800-8), where a compound target (1 x 50 x 8.8 cm3) 
supplied by Plansee Composite Materials GmbH, Germany, was used. 
The target power density was kept at ~ 9.1 W/cm2 during deposition. The 
base pressure was approximately 0.2 mPa and the Ar partial pressure was 
~288 mPa during deposition. 1-2 mm thick NaCl crystals (10 x 10 mm2) 
were used as substrates. In one deposition up to 200 NaCl substrates 
were coated. The substrate holder arrangement is shown in Figure 3.1.4. 
During the deposition of amorphous Cr2AlC and V2AlC the samples were 
not intentionally heated and the substrate temperature was < 200 °C. For 
hexagonal (V,Al)2Cx, the substrates were heated to the temperature of 
about 500 °C during deposition and they were not rotated. During 
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producing the amorphous film, the substrate to target distance varied from 
approximately 50 to 150 mm during the two-fold rotation. Samples were 
rotated around their own axis (rotation radius 15 mm) as well as in front of 
the target (rotation radius 57 mm). The as-deposited films (amorphous 
Cr2AlC and V2AlC as well as (V,Al)2Cx) were separated from the salt 
substrate by dissolving in water. 
 
3.2     Chemical composition analysis: EDX 
Energy Dispersive X-Ray Spectroscopy (EDX) is a technique to determine 
the chemical composition in a scanning electron microscope (SEM). The 
Figure 3.1.4. Schematic for the deposition set-up and the rotation 
geometry during sputtering of amorphous Cr2AlC and V2AlC thin 
films. 
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applied high energy electron beam results the excitation and ejection of an 
electron from the inner shell. As the electron vacancy is refilled by another 
electron from the outer shells, X-rays are generated. The X-ray energy is 
measured. As the energy is characteristic and the intensity can be related 
to the concentration of each element on the compound, the composition 
thereof can be quantified. 
Chemical composition analysis of TiCx was performed by (EDX) with an 
EDAX Genesis 2000 system using an acceleration voltage of 12 kV, which 
is sufficiently low to probe only the TiCx layer. No information from the Al 
layer was detected. A TiCx sample, quantified with elastic recoil detection 
analysis (ERDA), served as a standard. The same parameters were 
applied for the analysis of Cr2AlC and V2AlC samples, however Cr-Al-C 
and V-Al-C specimens, quantified with wavelength dispersion X-ray 
analysis (WDX), served as standards. 
 
3.3     Crystal structure analysis: X-ray diffraction (XRD) 
The X-ray diffraction was used to identify the crystalline phases and to 
measure the grain size as well as the lattice parameters [5, 6]. The 
diffraction of an incident beam takes place as soon as a wave meets a 
series of regular spaced obstacles [7]. When n is the order of the 
diffraction, λ is wavelength of the X-ray beam, d is the lattice spacing, and 
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2θ is the diffraction angle, the diffraction condition can be described by so 
called Bragg’s Law: 
nλ = 2d sinθ        (3.2) 
 
Figure 3.1.5 represents the diffraction of X-rays by plans of material atoms. 
 
The structural analysis of the bilayer films was carried out utilizing a Bruker 
AXS D8 discover general area detection diffraction system (GADDS) for 
micro-diffraction. The studied 2θ-range was 30° to 80° using Cu K 
radiation. The X-ray beam was collimated using a pin hole with a diameter 
of 0.5 mm at an incidence angle of 15°, resulting in an irradiated surface 
ellipse with the dimensions of  a = 0.64 mm and b = 2.47 mm. The voltage 
and current setup of the generator were 40 kV and 40 mA, respectively. 
Figure 3.1.5. Schematic of X-ray diffraction.  
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For Cr2AlC and V2AlC systems, X-ray diffraction measurements were 
carried out utilizing X-ray diffractometry (Siemens/ D5000) in the 
conventional θ/2θ mode using Cu K radiation. The studied 2θ-ranges 
were measured with a scanning speed of 0.02 deg/sec. The voltage and 
current setpoints of the generator were 40 kV and 40 mA, respectively. 
3.4     Detection of phase transitions: Differential scanning calorimetry 
          (DSC) 
Differential scanning calorimetry (DSC) is a laboratory technique used to 
study phase transitions during heating, where, the difference in heat-flow 
rate required to balance the temperature of the sample and a reference 
sample is measured as a function of temperature and time [8]. A schematic 
of the DSC device is shown in Figure 3.1.6. 
 Figure 3.1.6. Schematic of a typical DSC measurement.  
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The sample and an inert reference are kept at the same operating 
temperature during the experiment. The temperature can be measured by 
using thermocouples attached to both crucibles. The sample and the 
reference are placed in an oven heated at a certain rate usually given as 
degrees per minute. The principle of DSC measurements is that as a 
physical or a chemical transformation occurs, more or less heat will be 
needed to keep the sample and the reference at the same temperature. An 
example for typical DSC data is given in Figure 3.1.7. 
 
The crystallization kinetics for Cr2AlC and V2AlC was characterized by 
differential scanning calorimetry (DSC) using a Netzsch Jupiter STA 449 C 
calorimeter in continuous heating and isothermal modes. The temperature 
Figure 3.1.7. The DSC curve for Cr2AlC amorphous with the 
heating rate of 20 K/min. 
 27 
and sensitivity of the DSC were calibrated prior to measurements using the 
high purity standards In, Sn, Bi, Zn, Al, Ag, Au, Ni, and Pd with well known 
melting points. All DSC experiments were carried out in a 25 ml/min flow of 
high-purity Argon. The sample mass was between 12 and 20 mg and was 
measured with an accuracy of 10 µg. The samples were heated in an 
Al2O3 crucible. The non-isothermal experiments were carried out at heating 
rates of 10, 20, and 40 K min-1. In these measurements, the samples were 
first heated up to 150 °C and then held for 30 min to evaporate water and 
organic impurities before the samples were heated to 1200 °C. To 
determine the apparent activation energy of crystallization, the well-known 
Kissinger equation [9] has been applied. By plotting ln (b/T2) versus (1/T), 
where b is the heating rate and T is the peak temperature, the slope yields 
the value of the apparent activation energy [9] 
3.5     Heat treatment: Annealing 
The annealing process for the TiCx/Al bilayer strips was carried out in a 
tube vacuum furnace of a base pressure of ~ 10-3 Pa at temperatures from 
500 to 1000 °C in increments of 100 °C. The heating rate was 7 - 12 K/min. 
As the required temperature was reached, the sample was annealed for 60 
min and then cooled down inside the furnace. The post annealing 
experiments in the continuous or isothermal modes for both Cr2AlC and 
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V2AlC powders were carried out in the DSC machine in Ar gas 
atmosphere. 
 
3.6     Calculations 
Density functional theory [10] calculations of a hexagonal solid solution 
(Cr,Al)2Cx  were conducted using the Vienna ab initio simulation package 
(VASP) with generalized-gradient approximation based projector 
augmented wave potentials [11]. The Monkhorst-Pack scheme was used 
for reciprocal-space integration [12] with a k-points grid of 5 x 5 x 3 and the 
tetrahedron method with Blöchl-corrections for the total energy [13]. The 
convergence criteria for ionic and electronic relaxation were 1 meV and 0.1 
meV and the energy cutoff 500 eV. The structure was relaxed with respect 
to the atomic positions, lattice parameter a and hexagonal aspect ratio c/a. 
The unit cells were constructed using special quasirandom structures 
(SQS) [14]. 32 Cr and 16 Al atoms were distributed randomly in a 2 x 2 x 6 
hexagonal closed packed supercell, forming the metal sublattice of 
(Cr,Al)2Cx. The interstitial sites of a hexagonal closed packed crystal may 
be described as simple hexagonal. 16 C atoms were distributed randomly 
on these, while ad hoc rearrangement on the non-metal sublattice was 
used in order to avoid two C atoms located in interstitial positions adjacent 
to each other along the c-axis which would result in a high energy penalty 
[15]. In order to account for randomness in both sublattices, the Warren-
 29 
Cowley short-range order parameter [16] for the first three coordination 
shells was used as implemented in the locally self-consistent Green’s 
function software package [17, 18]. 
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Chapter 4     Results and discussion 
4.1     MAX phase formation by intercalation upon annealing of TiCx/Al 
(0.4 ≤ x ≤ 1) bilayer thin films 
In this part the effect of x (C/Ti) ratio in the TiCx on the direct formation of 
MAX phases by intercalation was systematically investigated. In particular, 
the mechanism relevant for the formation of MAX phases at low 
temperature by Al ingress into the vacancy sites of TiCx is discussed. 
The as-deposited procedure for TiCx/Al bilayer is illustrated in Figure 4.1.1. 
Every section consists of a homogeneous Al layer and combinatorially 
sputtered TiCx regions with a composition gradient. For each bilayered 
section the x in TiCx is in the range of 0.4 ≤ x ≤ 1, based on the EDX data 
calibrated by ERDA. 
XRD data for a series of as-deposited TiCx/Al bilayer couples with 0.4 ≤ x ≤ 
1.0 conditions are compiled in a composition-structure map shown in 
Figure 4.1.2. If significant structural changes occur, they can readily be 
identified in this representation which was also adopted in Figure 4.1.4 (a) 
to (f) for the annealed samples. In Figure 4.1.2 the XRD lines at ~ 36°, ~ 
42°, ~ 60.5°, ~ 72.5°, and at ~ 76.2° correspond to the TiC planes 
(prototype NaCl, space group Fm-3m) of (111), (200), (220), (311), and 
(222), respectively. 
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Figure 4.1.1. The as-deposited sample architecture of the TiCx/Al bilayer 
on top of a 2″ sapphire wafer together with a section of 13 combinatorial 
TiCx/Al couples used for each annealing investigation. 
 
Figure 4.1.2. The composition-structure map of the as-deposited TiCx/Al 
bilayer thin films. 
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Furthermore, the peaks at ~ 38.5°, ~ 44.8°, and at ~ 65° belong to the Al 
planes (prototype Cu, space group Fm-3m) of (111), (200), and (220), 
respectively. Hence, TiC and Al are the crystalline phases at the as-
deposited state in the whole x range studied. In Figure 4.1.3 it can be seen 
that as x is increased from ~ 0.4 to 1.0, a peak shift towards lower 2θ 
angles indicates a lattice expansion of 1.9 %, which is consistent with 
literature [1-7]. The reason for the increase in lattice parameter with 
increasing x is consistent with to the increase of the number of C atoms 
occupying interstitial sites [4, 6]. 
 
Figure 4.1.3. The change in lattice parameter a as a function of the C/Ti ratio 
for the as-deposited thin film. The a vs. C/Ti data for deposited TiCx ref. [1, 2] 
and bulk TiCx ref. [3] are compared with the here obtained data. 
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After analyzing the as-deposited samples, the discussion of the annealed 
ones is continued. Figures 4.1.4 (a, b, c, d, e, f) show the composition-
structure maps for the annealing temperatures of 500, 600, 700, 800, 900, 
and 1000°C, respectively. After annealing at 500°C (Figure 4.1.4 (a)), the 
most dominating phase is, as in the as deposited sample, TiC in the whole 
C range studied. Furthermore, the peaks at ~ 35 and ~ 40° at x < 0.5 are 
most likely corresponding to α-Ti (prototype Mg, space group P63/mmc) 
planes of (10-10) and (10-11), respectively. At x < 0.8 the XRD peaks at ~ 
32.6°, ~ 39.2°, and ~ 46.8° correspond to Ti8Al24 D023 (prototype TiAl3, 
space group I4/mmm) planes of (110), (118), and (200), respectively. At x 
< 0.6, Al reacts with TiCx to form Ti8Al24, while at x > 0.8 the constitution is 
consistent with the as-deposited sample where the reaction stops. The 
composition range of 0.6 < x < 0.8 constitutes the transition region 
between the formation of Ti8Al24, x < 0.6, and the as-deposited constitution, 
x > 0.8. Ti8Al24 is known as the low temperature superstructure of TiAl3 
D022 (prototype TiAl3, space group I4/mmm) with the 4 time larger c axis 
[8]. It should be noted that TiAl3 is commonly observed as a reaction 
product in the TiCx/Al system [9-16]. In the bulk TiCx/Al system, Frumin et 
al. [9] reported that at temperatures below 1000°C the instability of TiCx (x 
< 1) induces the formation of either TiAl3 at x ≤ 0.7 or Al4C3 at x > 0.7. Viala 
et al. [12] denoted that TiCx (x < 0.9) is decomposed by liquid or solid Al at 
temperatures below 812 °C resulting in the formation of TiAl3 and Al4C3. 
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Therefore, our results are consistent with literature and suggest that TiCx (x 
< 0.8) is not stable with the appearance of Al, where Ti8Al24 (low 
temperature counterpart of TiAl3 D022) starts to form at 500 °C. 
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Figures 4.1.4 (a) and (b). The composition-structure map of the TiCx/Al bilayer 
thin film annealed at: (a) 500 °C and (b) 600 °C. Many XRD peaks are broad 
and can be assigned to several planes. For instance, in (b) TiAl3 (112) and TiAl3 
(103) overlap, so a shorthand notation TiAl3 (112) & (103) is used. In the text, 
we refer to only one plane for simplicity.  
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At 600 °C (Figure 4.1.4 (b)), Al, α-Ti, TiAl3 D022, and Ti8Al24 D023 can be 
detected beside the most dominant TiC phase. At x < 0.5 a peak shift of ~ 
0.5° for the α-Ti plane of (10-11) at 2θ ~ 40° is observed. This corresponds 
to ~ 1.2 % shrinkage of the d-spacing which may result from the Al 
incorporation into hcp-Ti [17]. In the range of 0.5 < x < 0.7, the XRD peak 
at ~ 47° corresponds to TiAl3 (200), whereas at 0.45 ≤ x < 0.55, Ti8Al24 
peaks of (110) and (200) planes are detected. The overlapping XRD peak 
at ~ 39.2° may be assigned to Ti8Al24 (118) and/or TiAl3 (112). Hence, at x 
< 0.7 Al reacts with TiCx to form TiAl3 and/or Ti8Al24, while the composition 
range of 0.7 ≤ x < 1 constitutes the transition region between the formation 
of TiAl3 and/or Ti8Al24, x < 0.7, and the as-deposited constitution. 
Comparing with the results at 500 °C, the formation of Ti-Al intermetallics 
is observed at larger C contents (larger x values). This may be a 
consequence of the increased Al diffusivity. The observation of unreacted 
Al with increasing the C/Ti ratio at 500 and 600 °C is consistent with the 
expected stability increase of TiCx with increasing x [9]. Based on the 
structural evolution of the bulk TiCx/Al system at x > 0.8 [9, 11, 13, 14], the 
following reaction is expected in this temperature range: 
3TiC + 13Al (l/s) → Al4C3 + 3TiAl3        (4.1.1) 
TiAl3 is observed in the thin film samples, but no Al4C3 (prototype Al4C3, 
space group R-3m) can be detected. Al4C3 was not observed by XRD 
measurements in other studies [14]. There is no evidence for the formation 
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of MAX phases by the reaction between TiCx (0.4 ≤ x ≤ 1) and Al at 500 
and 600 °C.  
It is continued with the discussion of the reaction products at higher 
temperatures. Figure 4.1.4 (c) shows the XRD results after annealing at 
700°C, above the melting point of Al. At x ≤ 0.5, the XRD peaks at ~ 34°, ~ 
39.5°, ~ 60.8°, and ~ 75° refer to Ti2AlC (prototype Cr2AlC, space group 
P63/mmc) planes of (10-10), (10-13), (11-20), and (11-26), respectively. In 
the same x range, the overlapping XRD peak at ~39° beside the peaks at 
~ 44.5° and ~ 45.5 correspond to the TiAl (prototype AuCu, space group 
P4/mmm) planes of (111), (002), and (220), respectively. Moreover, the 
XRD peaks at ~ 37.5° and ~ 43.5° match the Ti3AlC (prototype CaTiO3, 
space group Pm-3m) planes of (111) and (200), respectively. Thus, Ti2AlC, 
TiAl, and the ternary cubic perovskite structure Ti3AlC can be detected in a 
phase mixture at x < 0.55, while TiAl3 exists at 0.5 < x ≤ 1. The Ti2AlC MAX 
phase was found to be thermodynamically more stable than TiC in the 
presence of TiAl [16]. This could explain the appearance of Ti2AlC in this 
temperature range. Mei et al. [18] reported that the reaction between Ti-Al 
and TiC to form Ti2AlC takes place above the melting point of Al.  
At 800 °C (Figure 4.1.4 (d)) some XRD peaks at x ≤ 0.7 refer to Ti2AlC 
planes while TiC is detected in the whole C/Ti range studied. Furthermore, 
at 0.7 ≤ x ≤ 1.0 TiAl3 is observed as the only reaction product. It appears 
that Ti2AlC is the most dominant reaction product at x ≤ 0.7. 
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Figures 4.1.4 (c) and (d). The composition-structure map of the TiCx/Al bilayer 
thin film annealed at: (c) 700 °C and (d) 800 °C. Many XRD peaks are broad 
and can be assigned to several planes. For instance, in (b) TiAl3 (112) and TiAl3 
(103) overlap, so a shorthand notation TiAl3 (112) & (103) is used. In the text, 
we refer to only one plane for simplicity.  
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At 900 °C (Figure 4.1.4 (e)), MAX phases and TiAl3 can be detected at x < 
1.0, while TiC remains present in the whole C/Ti range. At x ≤ 0.7 the 
major XRD peaks belong to both Ti2AlC and Ti3AlC2 MAX phases. For 
instance, the XRD peak at ~ 34° corresponds to Ti2AlC (10-10) as well as 
Ti3AlC2 (10-10). Due to their structural similarity Ti2AlC, Ti3AlC2, and TiC 
exhibit several overlapping peaks. As x is increased the MAX phase 
related peaks shift towards lower 2θ angles. This may indicate the 
intergrowth of Ti2AlC and Ti3AlC2 which has also been observed in bulk 
materials [20].  
 
As the temperature is increased to 1000 °C (Figure 4.1.4 (f)), no significant 
differences concerning the apparent phases were observed as compared 
with the annealing products at 900 °C. At x ≤ 0.7, the XRD peaks 
correspond to MAX phases and TiC. However, no trace for the formation of 
intermetallics is observed in this x range. Therefore, at elevated 
temperatures the direct formation of MAX phases occurs. 
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Figures 4.1.4 (e) and (f). The composition-structure map of the TiCx/Al bilayer 
thin film annealed at: (e) 900 °C and (f) 1000 °C. Many XRD peaks are broad 
and can be assigned to several planes. For instance, in (b) TiAl3 (112) and TiAl3 
(103) overlap, so a shorthand notation TiAl3 (112) & (103) is used. In the text, 
we refer to only one plane for simplicity.  
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To identify the mechanism responsible for the formation of Ti2AlC, we 
study TiC0.5-Al thin film diffusion couples in detail. The XRD data for the as 
deposited sample is shown in Figure 4.1.5 (a) and a series of 6 TiCx/Al (x ~ 
0.5) bilayer couples treated at temperatures from 500, 600, 700, 800, 900, 
and 1000°C are presented in Figures 4.1.5 (b, c, d, e, f, g), respectively. At 
500 °C (Figure 4.1.5 (b)) and 600 °C (Figure 4.1.5 (c)), TiAl3 (D022 and 
D023) is the only observed reaction product. At 700 °C (Figure 4.1.5 (d)), 
TiC remains present, while Ti2AlC and TiAl are observed. Thus, Ti2AlC 
MAX phase starts to form at 700 °C in a phase mixture with intermetallics. 
In the temperature range of 800 - 1000 °C (Figure 4.1.5 (e, f, g)), Ti2AlC is 
found to be the most dominant reaction product beside the non-reacted 
TiC. No evidence for the formation of intermetallic phases was observed in 
the temperature range of 800 - 1000 °C.  
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Figure 4.1.5. The structural evolution of TiC0.5/Al bilayer thin films for the as-
deposited sample (a) and the annealed samples at: (b) 500 °C (c) 600 °C, (d) 
700 °C, (e) 800 °C, (f) 900 °C and (g) 1000 °C. 
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There are two potential scenarios for the formation of MAX phases: (i) 
nucleation scenario, i.e. reaction between Ti-Al based intermetallics and 
TiCx followed by nucleation and growth of MAX phases and (ii) 
intercalation (nucleation-free) scenario, i.e. Al intercalation into TiCx and 
subsequent MAX phase formation.  
 
It appears impossible to proof or disproof – based on the data discussed 
so far – the relevance of intercalation for the MAX phase formation 
observed here. However, as in this work and other studies [1-7] it has been 
observed that x in TiCx affects the lattice parameter of TiCx, the lattice 
spacing of the MAX phases formed in this study was carefully analyzed. It 
was expected that the lattice spacing of a MAX phase formed by 
intercalation of Al into TiCx is dependent on the lattice spacing of the 
reactant material TiCx. On the other hand, if the MAX phase is formed by 
nucleation and growth, then it was expected the MAX phase lattice 
parameter to be independent of the lattice spacing of the reactants, except 
for the already discussed case of intergrown MAX phase structures [20, 
21]. In the C/Ti ratio range 0.5 ≤ x ≤ 0.7, intergrowth of Ti2AlC and Ti3AlC2 
may occur [20], which in turn would give rise to continuously varying the 
lattice parameters between these two MAX phases.  
However, a x dependent MAX phase lattice parameter for 0.5 ≤ x can’t be 
attributed to be due to intergrown structures. If intercalation takes place, it 
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is reasonable to assume that the underlying TiCx matrix would increase its 
volume (lattice parameter or d-spacing) upon ingress of Al. Hence, the 
here systematically investigated 0.4 ≤ x ≤ 0.5 range allows for a critical 
evaluation if MAX phases can be formed by intercalation or not. The two 
here discussed MAX phase formation scenarios should be first evaluated if 
they are energetically feasible. It is clear that the nucleation scenario is 
possible as soon as the activation energy for the reaction between Ti-Al 
and TiCx is overcome. On the other hand, to enable the Al intercalation into 
TiCx, a number of atomic mechanisms need to be activated. C vacancies 
in TiCx should be available and Al incorporation must be feasible. It is clear 
from the composition data that C vacancies are present and literature data 
indicate that Al can readily be incorporated into TiCx [22]. Note that the 
here experiments are designed to probe the crucial 0.4 ≤ x ≤ 0.5 range. 
From the previous theoretical work [23] it is apparent that only 49 
meV/vacancy is required to order the existing C vacancies. This 
corresponds to excitations at temperatures of approximately 380 K. The 
migration energy of Al in the [110] direction of the TiCx lattice is 0.82 eV 
[23], which implies that Al migration in the TiCx lattice is feasible. 
Furthermore, twinning in TiCx with incorporated Al occurs spontaneously 
[24]. Hence, based on the theoretical data it appears reasonable that 
under present experimental conditions intercalation of Al in the TiCx lattice 
takes place. 
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From the previously discussed phase formation data it can be learned that 
MAX phase formation upon annealing is observed between 700 and 1000 
°C. Figures 4.1.6 (a, b, c) show the measured d-spacing values of 
dominant MAX phase peaks at different C/Ti ratios together with 
corresponding literature values [25, 26]. As it can be seen, the d-spacing 
value for Ti2AlC (10-13), (11-20), (20-23), and (11-26) as well as Ti3AlC2 
(10-14), (11-20), (11-28), and (20-24) is increasing by increasing the C/Ti 
ratio indicating enlargement of the unit cell volume. Furthermore, the 
corresponding d-spacing values for Ti2AlC and Ti3AlC2 at x = 0.5 and x = 
0.67, respectively, are consistent with literature [25, 26]. The intercalation 
mechanism was first proposed by Zhou et al. [27] in the TiC0.67-Si system 
to enable the formation of Ti3SiC2. Hwang et al. [28, 29] reported the 
formation of Ti3SiC2 by direct reaction between TiC0.67 and liquid Si where 
no intermediate phases were stable at 1420 °C. Yu et al. [30] observed the 
formation of Ti3SiC2 platelets by interaction of Si with Si stabilized TiC 
microtwins. Although the authors did not claim intercalation to be 
responsible for the formation, the mechanisms reported in [30] are relevant 
for intercalation. Moreover, Zhang et al. [31] reported experimental proof 
for the formation of Ti2SnC by intercalation of Sn into twinned Ti2C. The 
twinned Ti2C sample was obtained by deintercalation of Ti2SnC [31]. Both 
previously discussed papers [30, 31] report the formation of MAX phases 
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based on TEM and electron diffraction data and hence describe small 
sample regions. 
Here an evidence for the direct formation of Ti2AlC by Al intercalation into 
TiCx (x ≤ 0.7) in the x range of 0.4 ≤ x ≤ 0.5 is provided. This conclusion is 
enabled by the here adopted combinatorial experimental strategy where 
the effect of x in TiCx of the reactant material on the phase formation upon 
annealing was studied by XRD in the x range of 0.4 to 0.5.  
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Figure 4.1.6. Measured d-spacing at 700, 800 and 900 °C as a function of the 
C/Ti ratio for selected planes of Ti2AlC and Ti3AlC2: (a) (10-13) plane of Ti2AlC 
and (10-14) plane of Ti3AlC2, (b) (11-20) plane of Ti2AlC and (11-20) of Ti3AlC2 
and (c) (20-23) and (11-26) planes of Ti2AlC and (20-24) and (11-28) planes of 
Ti3AlC2. A comparison with literature data is also provided [25, 26]. 
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4.2     Crystallization kinetics of Cr2AlC 
In the second part of this study the crystallization kinetics of amorphous 
MAX phase thin films were investigated. To identify the underlying reaction 
mechanisms as well as to describe the energetics and kinetics of the MAX 
phase formation are essential for exploring alternative synthesis pathways 
including low synthesis temperature processes. 
A compound target supplied by Plansee which consists of Cr3C2, Cr, and 
Al with an overall composition of Cr50Al25C25 (see Figure 4.2.1) was chosen 
to produce close to stoichiometric films with a composition of Cr:Al:C 
(46:27:27 at.%) on NaCl substrates.  
 
 
Figure 4.2.1. The microstructure and the chemical composition analysis for 
the used Cr2AlC target (Data received from Plansee GmbH). 
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A diffractogram of the as-deposited film powder is shown in Figure 4.2.2. 
The broad hump observed at ~ 42.05° 2 θ with a FWHM of about 5.6° 
indicates that the film is X-ray amorphous.  
 
Figure 4.2.3 shows the continuous heating DSC data of the X-ray 
amorphous Cr2AlC thin film powder at the three different heating rates 
employed here: 10, 20, and 40 K/min. Two exothermic peaks can be seen 
in the continuous heating mode between ~ 550 and ~ 700°C. No evidence 
for significant mass gain or mass loss was observed during the DSC 
measurements in the temperature range from 200 to 1200 °C.  
 
Figure 4.2.2. X-ray diffractogram of the as-deposited powder sample with a 
composition of Cr:Al:C (46:27:27 at.%). 
 51 
 
Table 4.2.1 lists the temperatures of the first and second exothermic peak 
for the three heating rates. The two exothermic peaks overlap. However, 
the interval between the two peaks decreases with increasing heating rate 
(see table 4.2.1), while both DSC peaks are shifted towards higher 
temperatures. 
Heating rate (K/min) T 1st peak (°C) T 2nd peak (°C) 
10 570 610 
20 579 616 
40 589 620 
Table 4.2.1. Temperatures of the first and second DSC peaks at different heating 
rates of 10, 20, 40 K/min. 
No other significant enthalpic signals are observed upon heating up to 
1200 °C. To examine the reaction products, X-ray diffraction was carried 
Figure 4.2.3. DSC data obtained at different heating rates for the amorphous 
Cr2AlC powder film. The complete heating range from 200 to 1200°C is given in 
the inset. 
. 
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out after heating to different temperatures in the range of 560 to 1200 °C. 
Figure 4.2.4 shows the X-ray diffractograms of the Cr2AlC powders at 
different annealing temperatures with a heating rate of 10 K/min, and 
subsequent cooling in the DSC. It can be seen that the amorphous Cr2AlC 
starts to crystallize at 560 °C, which is the onset temperature of the first 
DSC peak. XRD indicates the formation of distorted hexagonal (Cr,Al)2Cx 
(prototype Fe2N, space group P63/mmc) with lattice parameters of a = 
2.825Å and c = 4.353Å. Compared to Cr2C [32] the a lattice parameter is 
increased by ~ 1.25% and the c lattice parameter is reduced by ~ 2.4 %. 
This lattice distortion may be caused by the incorporation of Al in the 
hexagonal structure and the smaller carbon to metal ratio, forming 
(Cr,Al)2Cx. No additional XRD peaks can be observed by increasing the 
temperature up to 580 °C. The formation of a solid solution of Al in 
hexagonal Cr2C was previously observed by Shtansky et al. [33] by 
sputtering a compound target of Cr2AlC at 300 °C substrate temperature. 
At 610 °C (2nd DSC peak temperature), the basal plane (0002) of (Cr,Al)2Cx 
at 2 θ of ~ 41° has disappeared and all observed XRD peaks are 
corresponding to Cr2AlC. This may indicate the transformation from 
(Cr,Al)2Cx to Cr2AlC. At 650 °C, the phase transformation is to a large 
extent completed. Cr2AlC appears to be stable during heating up to 1200 
°C. As the temperature is increased from 610 to 1200 °C, the XRD 
intensity increases by 86 % while the FWHM decreases by 60 %, for the 
 53 
strongest peak (10-13), indicating grain growth and improved crystallinity. 
The XRD data observed at 1200 °C are in good agreement with the 
calculated data and the previously reported experimental data [34-37]. 
 
The a and c lattice parameters of Cr2AlC produced at 1200°C are 2.855 
and 12.791 Å, respectively. No significant change of lattice parameters at 
the temperatures between 610 to 1200 °C was observed. The lattice 
Figure 4.2.4. X-ray diffraction data of the as-deposited Cr2AlC powder together 
with samples annealed at different temperatures. The inserted curves show the 
whole XRD 2 θ range and the selected temperatures from the DSC 
measurements with a heating rate of 10 K/min. 
. 
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parameters of disordered (Cr,Al)2Cx were calculated to be a = 2.783 Å and 
c = 4.446 Å, and result hence in deviations of - 1.5 % and + 2.4 % 
compared to the experimental values. Cr2AlC may be considered as 
perfectly ordered (Cr,Al)2Cx: Ordering the metal sublattice to a stacking 
sequence Cr-Cr-Al-Cr-Cr-Al combined with ordering of the non-metal 
sublattice to a stacking sequence C-vac-vac-C-vac-vac would yield the 
MAX phase Cr2AlC with stacking sequence Cr-C-Cr-Al-Cr-C-Cr-Al. 
Therefore, experimental and theoretical lattice parameters a and c of 
Cr2AlC [37] and a and 3*c (Cr,Al)2Cx are compared here: Experimentally, 
an increase of the a lattice parameter by 1.1 % and a decrease of the c 
lattice parameter by 2.1 % is observed upon formation of the MAX phase. 
The theoretical results show changes of + 2.4 % and - 4.6 %, respectively, 
and therefore indicate the same trend supporting the notion that the phase 
transition from disordered (Cr,Al)2Cx to Cr2AlC is taking place. It may be 
speculated that the smaller change in lattice parameters observed 
experimentally is due to a higher degree of order in the (Cr,Al)2Cx phase as 
compared to the calculated structure. Based on XRD and DSC data, it is 
suggested that upon annealing of amorphous Cr-Al-C (2:1:1) powder, 
(Cr,Al)2Cx is formed. Further heating results in the formation of crystalline 
Cr2AlC at temperatures between 600 °C and 650 °C.  
The shift of the exothermic peaks towards higher temperatures as the 
heating rate is increased indicates that the crystallization rate is 
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temperature dependent. To determine the apparent activation energy of 
crystallization, the well-known Kissinger equation [38] has been applied. 
By plotting ln (b/T2) versus (1/T), where b is the heating rate, and T is the 
peak temperature, the slope yields the value of the apparent activation 
energy [39-41]. As shown in Figure 4.2.5, the obtained values from the 
linear fit of both DSC curves are 426 and 762 kJ/mol, respectively. This 
indicates that the activation energy to form the metastable phase exhibits a 
lower value as compared with the MAX phase formation. 
 
Cr2AlC films were synthesized by magnetron sputtering from three 
elemental targets at 850 °C [37, 42] and at 650 °C by using a Cr2AlC 
Figure 4.2.5. The Kissinger plots for the two exothermic crystallization DSC 
peaks of amorphous Cr2AlC. 
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compound target [43]. Walter et al. [34] reported the formation of Cr2AlC 
from a compound target at a substrate temperature of 450 °C, and recently 
Li et al. [44] synthesized Cr2AlC thin films by magnetron sputtering from a 
bulk Cr2AlC target at a substrate temperature range of 370 - 500 °C [44]. A 
triple-layered structure with an α-(Cr,Al)2O3 inner layer, an amorphous 
intermediate layer and a crystalline Cr2AlC outer layer was observed at 
370 °C [44]. At 500 °C the formation of a Cr2AlC thin film [44] was 
attributed to the surface diffusion process as suggested by Walter et al. 
[34]. Furthermore, the formation of the Cr2AlC layer at 370 °C was 
suggested to be caused by the raised surface temperature due to thermal 
barrier properties of the oxide inner layer as well as by the reduced oxygen 
contamination [44]. 
Careful reevaluation of the diffraction data for the sample grown at 450 °C 
from reference [34] suggests the formation of (Cr,Al)2Cx with a = 2.843 and 
c = 4.285 Å, while the diffraction data corresponding to the film grown at 
550 °C is correctly interpreted in [34]. In the same paper a single DSC 
peak with a peak temperature of ~ 617°C is associated with the 
amorphous crystalline transition. It may be speculated that the occurrence 
of only one DSC peak as opposed to the two peaks reported here may be 
related to the two different processing procedures employed for the 
production of the amorphous reactants. This speculation may be due to the 
fact that a 4 times larger sample mass was utilized for the DSC analysis 
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here as compared to [34]. Nevertheless, the transition temperature 
reported here and in reference [34] are significantly lower than what is 
reported for bulk Cr2AlC samples, where the lowest hot pressing 
temperature is reported to be in the range of 1050 to 1100 °C [35, 45]. 
DSC and XRD data indicate that as Al starts to melt, an exothermic 
reaction is observed at 670 °C which is related to the formation of Cr9Al17 
[35] As the temperature is increased further, several intermetallic phases 
were formed until at 1050 °C the formation of Cr2AlC is observed by 
reaction of Cr, graphite, AlCr2 and Al8Cr5 [35].  
Here, the mechanisms responsible for the formation of crystalline Cr2AlC 
from initially amorphous Cr2AlC are studied. Furthermore, the 
crystallization kinetics were investigated. Two exothermic reactions are 
observed. First (Cr,Al)2Cx is formed and then Cr2AlC is formed with further 
increasing temperature. Both transformations appear to be diffusion 
controlled. The formation of Cr2AlC occurs at a temperature of about 440 
to 600 K lower than during hot pressing [35, 45]. Ab initio data show 
changes of + 2.4 % and - 4.6 %, respectively, and therefore indicate the 
same trend as observed experimentally supporting the notion that the 
phase transition from disordered (Cr,Al)2Cx to Cr2AlC is taking place. 
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4.3     Crystallization kinetics of V2AlC 
 
A compound target supplied by Plansee with an overall composition of 
V50Al25C25 was chosen to produce close to stoichiometric films with an 
average composition of V:Al:C (47:25:28 at.%) on NaCl substrates. The 
as-deposited powder is X-ray amorphous as it will be discussed later on. 
Figure 4.3.1 shows the continuous heating mode DSC data of the powder 
obtained from the X-ray amorphous V2AlC thin films at three different 
heating rates, namely: 10, 20 and 40 K/min. Each DSC measurement was 
followed by another run with the same heating rate. The second run was 
used as a baseline for the first DSC measurement. In all DSC curves, no 
significant enthalpic signal was observed between 200 and 500 °C, 
however a pronounced exothermic peak can be seen in the temperature 
range of 565 to 675 °C depending on the heating rate, used. The DSC 
peaks are shifted towards higher temperatures as the heating rate is 
increased. Another enthalpic signal is observed upon heating above 950°C 
up to 1200 °C. No evidence for mass gain or mass loss was observed 
during the DSC measurements in the temperature range from 200 to 
1200°C. 
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To examine the crystallization products, X-ray diffraction was carried out 
after heating the as-deposited powder in the temperature range from 385 
to 1200 °C. Figure 4.3.2 shows the X-ray diffractograms of the amorphous 
V2AlC powders after heating to different temperatures. The continuous 
heating mode was used at the heating rate of 40 K/min. The powder 
samples then subsequently cooled in the DSC. As mentioned above, the 
as-deposited sample is X-ray amorphous as can be seen in Figure 4.3.2. 
No structural change was observed during heating at temperatures of 385, 
420, 465, 470, and 530 °C and the film remains X-ray amorphous. 
Figure 4.3.1. DSC data obtained at different heating rates 10, 20, and 40K/min 
for the amorphous V2AlC powder film. 
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The formation of a crystalline phase is detected at 590 °C which is the 
onset temperature of the main DSC peak at this heating rate. The XRD 
data indicate the formation of V2AlC (prototypes Cr2AlC, space group 
P63/mmc). No additional XRD peaks can be observed by increasing the 
temperature up to 690 °C which completes the exothermic DSC signal 
Figure 4.3.2. (a) X-ray diffraction data of the as-deposited V2AlC powder together 
with samples annealed at different temperatures. (b) The annealing temperatures 
as selected from the DSC measurements with a heating rate of 40 K/min. 
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range. From the XRD data at 940 and 1030 °C, the formation of no 
additional crystalline phase can be detected as a consequence of the 
second DSC enthalpic signal. As the temperature is increased from 940 to 
1030 °C the FWHM of the (10-13) peak decreases by ~ 22 %. Therefore, 
the ″hump″ observed in the DSC signal at T ≥ 950 °C may be a 
consequence of grain growth. No significant change of lattice parameters 
at the temperature of 1200 °C was observed compared to 590 °C. The 
average lattice parameters a and c of the formed V2AlC are 2.912 and 
13.157 Å, respectively, which are in good agreement with the previously 
reported calculated and experimental data [46-48]. V2AlC films were 
synthesized by magnetron sputtering from three elemental targets at 850 
°C [46]. The threshold temperature for the formation of V2AlC by vapor 
phase condensation was reported to be between 650 and 750 °C by 
Sigumonroung et al. [47]. Scabarozi [49] reported the formation of epitaxial 
V2AlC by combinatorial sputtering on sapphire, VC and TiC buffer layers 
between 575 and 900 °C. In bulk form Gupta et al. [50] synthesized V2AlC 
by reactive hot isostatic pressing at 1600 °C for 8 h. Furthermore, single 
crystals of V2AlC were formed in metallic melts in the temperature range of 
1500 - 1600 °C [51], in the presence of VAl3, V7Al45 and VAl10. Recently, 
the formation of V2AlC was observed during hot pressing of V, Al and C 
powders at T ≥ 900°C [52]. In the same paper, the formation phase pure 
V2AlC was identified in the range of 1400 - 1600 °C [52]. The reaction 
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between Al8V5 and C is reported to be responsible for the V2AlC formation 
[52].  
As indicated by DSC and XRD, no other reaction products than V2AlC are 
observed due to heating of the X-ray amorphous V2AlC phase in the range 
between 200 to 1200 °C in the present work.  
The hexagonal carbide V2C is one of the most stable carbides in the V-C 
system [53]. Moreover, in our previous work on the phase formation in the 
V-Al-C system during vapour phase condensation, the formation of V2C 
was observed prior to the formation of V2AlC [47]. Therefore, the formation 
of hexagonal (V,Al)2Cx was expected during heating of amorphous V2AlC 
powder. However, this was not observed. Therefore (V,Al)2Cx thin films 
were prepared by sputtering and the activation energy of transformation of 
amorphous to crystalline V2AlC and of crystalline (V,Al)2Cx to crystalline 
V2AlC were measured and compared. The (V,Al)2Cx film was produced by 
heating the substrates to the temperature of about 500 °C. The film 
composition was V:Al:C (46:24:30 at. %). Figure 4.3.3 shows the 
continuous heating DSC data of the hexagonal (V,Al)2Cx film for the three 
different heating rates, namely: 10, 20, and 40 K/min. The only enthalpic 
signal was observed between 597 to 710 °C depending on the heating 
rate, used. No other enthalpic signals were observed during the second 
heating cycle at 20 K/min. The DSC peaks are shifted towards higher 
temperatures as the heating rate is increased. No significant evidence for 
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mass gain or mass loss was observed during the DSC measurements in 
the temperature range from 200 to 1200 °C. 
 
The XRD data shown in Figure 4.3.4 indicate that the as-deposited phase 
is hexagonal (V,Al)2Cx with a strong (0002) texture. After annealing to 750 
°C with a heating rate of 40 K/min the powder shows a V2AlC structure as 
can be seen in Figure 4.3.4. Hence, it is suggested that the single 
enthalpic peak corresponds to the transformation from hexagonal (V,Al)2Cx 
to V2AlC. 
Figure 4.3.3. DSC data obtained at different heating rates 10, 20, and 40K/min 
for the transformation from hexagonal (V,Al)2Cx to V2AlC structure. 
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The shift of the exothermic peaks towards higher temperatures as the 
heating rate is increased indicates that the rate of phase transformation is 
temperature dependent. Hence, the reaction possesses an activation 
energy. To determine the apparent activation energy of crystallization, the 
well-known Kissinger equation [38] has been applied. By plotting ln (b/T2) 
versus (1/T), where b is the heating rate and T is the peak temperature, 
the slope yields the value of the apparent activation energy [38]. Table 
4.3.1 lists the temperatures of the DSC peaks for both the amorphous to 
Figure 4.3.4. X-ray diffraction data of the as-deposited (V,Al)2Cx powder and 
after annealing at 750 °C V2AlC. 
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V2AlC and hexagonal (V,Al)2Cx to V2AlC transformations. As shown in 
Figure 4.3.5, the obtained values from the linear fit of 3 DSC curves are 
308 and 287 kJ/mol for both, amorphous to V2AlC and hexagonal (V,Al)2Cx 
to V2AlC transformations, respectively. 
 
 
 
Heating rate (K/min) T (°C) amorphous to 
V2AlC 
T (°C) (V,Al)2C to  
V2AlC 
10 584 635 
20 598 654 
40 611 667 
Table 4.3.1. Temperatures of the DSC peaks at different heating rates of 10, 20, 
and 40 K/min for the crystallization of amorphous V2AlC and the transformation 
from hexagonal (V,Al)2Cx to V2AlC structure. 
Figure 4.3.5. The Kissinger plot for the crystallization peaks of amorphous V2AlC 
and the transformation peaks of (V,Al)2Cx to V2AlC obtained at different heating 
rates of 10, 20, and 40 K/min.  
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Thus, the activation energies for both transformations are very similar. This 
may explain the observation of a single DSC peak during crystallization of 
amorphous V2AlC. It is evident that both phase transformations are 
controlled by bulk diffusion. It is surprising that both transformations exhibit 
a very similar activation energy. It may be speculated that either the X-ray 
amorphous powder contains (V,Al)2Cx nanocrystals, or that the short range 
order in the X-ray amorphous powder is rather similar to the order in 
hexagonal (V,Al)2Cx. 
Furthermore, it is noteworthy that the formation of pure V2AlC powder from 
amorphous or hexagonal (V,Al)2Cx  powders occurs at an about 800 K 
lower temperature than during hot pressing of V, Al, and C powders [52], 
rendering X-ray amorphous powder as an interesting reactant for low 
temperature bulk synthesis of V2AlC. 
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Chapter 5     Conclusions  
Although the synthesis of MAX phases is an active research area, studies 
of MAX phase formation mechanisms are comparatively rare. Identifying 
the underlying reaction mechanisms as well as to describe the energetics 
and kinetics of the MAX phase formation are essential for exploring 
alternative synthesis pathways including low synthesis temperature 
processes. 
In this thesis the phase stability of three different MAX phase thin film 
systems, namely Ti-Al-C, Cr-Al-C, and V-Al-C, is investigated.  
In the first part it is shown that the x in TiCx (x ≤ 0.7) influences the 
structure of the product formed. TiCx/Al bilayer thin films were synthesized 
using combinatorial magnetron sputtering to study the influence of the C 
content on the reaction products at different annealing temperatures. 
Based on EDX calibrated by ERDA, x in TiCx was varied from 0.4 to 1.0. 
The film constitution was studied by XRD before and after annealing at 
temperatures from 500 to 1000 °C. The formation of TiCx and Al in the as-
deposited samples in the whole x range was identified by XRD. At x < 1 
TiCx reacts with Al to form the Ti-Al based intermetallics at T ≤ 700°C. At 
700 °C, the formation of MAX phases is observed in a phase mixture with x 
≤ 0.7. At x ~ 0.5, Ti2AlC is the most dominant phase beside the residual 
TiC in the temperature range ≥ 800°. Based on the comparison between 
the C content induced changes in the lattice parameter of TiCx and d-
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spacing of Ti2AlC (10-13), (11-20), (20-23), and (11-26) as well as Ti3AlC2 
(10-14), (11-20), (11-28), and (20-24), the direct formation of MAX phases 
by Al intercalation into TiCx for x ≤ 0.7 was inferred.  
In the second part, the ambition is to shed light on the mechanisms 
responsible for the formation of crystalline Cr2AlC and V2AlC by studying 
the formation kinetics. Hence, amorphous Cr2AlC thin films were produced 
by magnetron sputtering. The crystallization kinetics of Cr2AlC were 
investigated by differential scanning calorimetry (DSC) and X-ray 
diffraction (XRD). Two exothermal peaks are observed during DSC up to 
1200 °C. XRD data suggest that the first DSC peak is associated with the 
formation of hexagonal (Cr,Al)2Cx, while according to the second DSC 
peak, Cr2AlC is formed. The activation energy for the phase 
transformations are 426 and 762 kJ/mol, respectively. Both 
transformations appear to be diffusion controlled. The formation of Cr2AlC 
occurs at a temperature of about 440 K lower than during hot pressing. 
X-ray amorphous V2AlC thin films as well as hexagonal (V,Al)2Cx were 
deposited by magnetron sputtering from a compound target with V2AlC 
composition. Differential scanning calorimetry (DSC) and X-ray diffraction 
(XRD) were employed to characterize the reaction kinetics. During 
continuous heating up to 1200°C an exothermal peak is observed between 
565 and 675°C, depending on the heating rate employed. XRD data 
suggest that the DSC peak is associated with the formation of hexagonal 
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V2AlC (prototypes Cr2AlC, space group P63/mmc). Based on the Kissinger 
approach the measured activation energy for the formation of V2AlC from 
amorphous V2AlC is 308 kJ/mol, while the activation energy for the 
reaction of hexagonal (V,Al)2Cx to V2AlC is 287 kJ/mol. Bulk diffusion is 
suggested to be responsible for the formation of V2AlC at a temperature 
about 800°C lower than during hot pressing of elemental powders. 
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Chapter 6     Future work  
MAX phases stand as one of the most intriguing materials in surface 
engineering as they possess excellent properties. For exploring the 
application potential during energy conversion, sensing, and contacting as 
well as for adaptive and protective surface coatings low temperature 
processing strategies are important. Based on the results obtained and 
analyzed here some suggestions for further investigation are given.  
The structural features of the MX matrix and its effect on the intercalation 
process is interesting for further temperature reduction. According to this 
work, the intercalation process may be improved by introducing more 
defects into the matrix. Hence, the use of ion-bombardment during TiCx 
deposition may affect the synthesis pathway and MAX phases may be 
obtained at even lower temperatures.  
Recently, the use of mechanically activated powders was shown to reduce 
the formation temperature of MAX phases [1-3]. The use of ion-
bombardment during deposition of Cr2AlC and V2AlC should be 
investigated systematically as in all studies carried out in this thesis the 
mobility of atoms was identified to be crucial for MAX phase formation.  
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